This study sought to determine the size of the genetic effect (heritability) in families identified by a hypoplastic left heart syndrome (HLHS) proband.
Background
Hypoplastic left heart syndrome is a severe form of cardiovascular malformation (CVM), and it remains a leading cause of infant mortality and childhood morbidity. Familial clustering of HLHS and bicuspid aortic valve (BAV) has been observed, and pedigree analysis has suggested recessive inheritance. The genetic significance of these observations is unknown.
Methods
In 38 probands with HLHS, a 3-generation family history was obtained; using a sequential sampling strategy, echocardiograms on family members were performed. A total of 235 participants were recruited. Heritability (h 2 ) of HLHS and associated CVM was estimated using maximum-likelihood-based variance decomposition.
Results
All HLHS probands had aortic valve hypoplasia and dysplasia; dysplasia of the mitral (94%), tricuspid (56%), and pulmonary (11%) valves was also noted. Overall, 21 of 38 (55%) families had more than 1 affected individual, and 36% of participants had CVM, including 11% with BAV. The heritability of HLHS alone and with associated CVM were 99% and 74% (p Ͻ 0.00001), respectively. The sibling recurrence risk for HLHS was 8%, and for CVM was 22%.
Conclusions
The high heritability of HLHS suggests that it is determined largely by genetic factors. The frequent occurrence of left-and right-sided valve dysplasia in HLHS probands and the increased prevalence of BAV in family members suggests that HLHS is a severe form of valve malformation. Hypoplastic left heart syndrome (HLHS) (MIM#241550) remains a leading cause of infant death due to cardiovascular malformation (CVM) and is associated with significant long-term morbidity. Despite remarkable advances in diagnosis and therapy, little is known of the etiology of HLHS (1, 2) . Several observations suggest a genetic basis. Based on
See page 1596 pedigree analysis of multiplex families in a consanguineous population, autosomal recessive inheritance has been proposed (3). The idea that left-sided lesions, namely bicuspid aortic valve (BAV) (MIM109730), aortic coarctation, and HLHS, are causally related was based on epidemiology studies that identified BAV in first-degree relatives of HLHS probands (4, 5) . Bicuspid aortic valve frequently underlies aortic stenosis in patients of all ages, and longitudinal studies in the fetus have identified HLHS as part of the in utero natural history of aortic stenosis, suggesting that these defects may share a common etiology (6, 7) . Several studies have noted an increased prevalence of CVM in families identified by an HLHS proband (4, 5, 8) . Familial clustering of BAV has been documented (5,9,10), and both BAV and left-sided lesions taken together have been shown to be heritable (11, 12) . However, the size of the genetic effect of HLHS remains unknown. Classification of HLHS, based on the pathologic anatomy of the aortic and mitral valves, has been widely accepted (13) (14) (15) . In this scheme, HLHS is defined as atresia or stenosis of the aortic and mitral valves and hypoplasia of the left ventricle and ascending aorta. Hypoplastic left heart syndrome pathology series have shown that aortic valve malformation is universal and mitral valve abnormalities are common (16, 17) ; however, despite a conventional emphasis on left-sided heart structures, both tricuspid and pulmonary valve dysplasia have been reported (16, 18, 19) . It is unclear to what extent aortic valve morphology and right-sided valve involvement can be used to further refine the HLHS phenotype.
In this study, we estimated heritability to determine the size of the genetic effect of HLHS. We found that HLHS is determined largely by genetic factors. In addition, we identified a high incidence of left-sided and right-sided valve dysplasia in probands and an increased prevalence of BAV in family members.
Methods
Proband recruitment and sequential sampling. Probands with HLHS were recruited from the Division of Cardiology at Cincinnati Children's Hospital Medical Center. Family members were recruited using a sequential sampling strategy (11) . Briefly, each proband's first-degree relatives were evaluated, and for every new affected individual identified, all of that individual's first-degree relatives were evaluated. When the family history identified affected second-degree relatives, sampling was extended to include the first-degree relatives. Informed consent was obtained from each participant or participant's parent or guardian. Assent was obtained from pediatric participants when appropriate. This study was approved by the Institutional Review Board at Cincinnati Children's Hospital Medical Center. Proband inclusion and exclusion criteria. Hypoplastic left heart syndrome was strictly defined as atresia or stenosis of the aortic and mitral valves and hypoplasia of the left ventricle and ascending aorta with intact ventricular septum (15) . Patients with complex CVM and left ventricular hypoplasia (e.g., variants of unbalanced atrioventricular septal defects, double-outlet right ventricle, or Shone anomaly) were excluded. Patients with known genetic syndromes (e.g., trisomy 18 or Turner syndrome) also were excluded. Echocardiographic analysis. Cross-sectional 2-dimensional and Doppler transthoracic echocardiography was performed on all participants using Hewlett-Packard Sonos 5500 (Philips, Eindhoven, the Netherlands), Vivid 5 or Vivid 7 systems (General Electric, Fairfield, Connecticut). A detailed echocardiographic protocol previously described was used to assess cardiovascular structures (11) . A single experienced echocardiographer (L.H.C.) interpreted all echocardiograms. To assess valve anatomy in HLHS probands, echocardiographic studies performed in the newborn period before surgical intervention were reviewed. Valve hypoplasia was defined as an annulus dimension z score ϽϪ2. Valve dysplasia was defined as cusp or leaflet thickening, redundancy, or immobility. Bicuspid aortic valve was defined as a bicommissural appearance in the parasternal short-axis echocardiographic view and was classified as right-left or anterior-posterior (11, 20, 21) . Unicuspid aortic valve morphology was classified as unicommissural or acommissural based on appearance in the parasternal short-axis view (20, 22 (23) .
The recruitment strategy resulted in a population enriched for HLHS and associated CVM. Ascertainment is necessary to identify sufficient numbers of affected individuals when studying a rare disease. Accordingly, the appropriate population prevalence is constrained to correct for ascertainment bias. A population prevalence of 0.02% for HLHS and 2% for HLHS and associated CVM was used (conservative estimate) (4, 24, 25) . In light of recent evidence reporting an increased prevalence of CVM, and the increased incidence of CVM in utero (24,26 -29) , heritability estimates also were made using an HLHS prevalence of 0.08% and an HLHS and associated CVM prevalence of 5% (liberal estimate). Heritability was estimated as a continuous trait using a semiquantitative method (HLHS ϭ 2, BAV or other CVM ϭ 1, and normal ϭ 0) based on the assumption that HLHS is inherited as an autosomal recessive trait (30) . The mean in this model was constrained to equal the population prevalence. Therefore, we estimated heritability: 1) using HLHS as either a discrete or a continuous trait, and 2) using a BAV and other CVM prevalence of either 2% or 5%. Values of p Ͻ 0.05 were considered significant for additive genetic effects. The 95% confidence interval (CI) was determined empirically for heritability estimates using previously described methods (31) . Statistical analysis: recurrence risk ratio. Using a familybased approach, we calculated recurrence risk ratios for HLHS and associated CVM for first-degree relatives and siblings in the context of both unaffected parents and 1 parent with CVM. Recurrence risk ratio ( R ) was defined as R ϭ frequency (relatives)/frequency (population), where the frequency in relatives is the number of first-degree relatives of a proband over the total number of first-degree relatives, and the frequency in the population is the prevalence in the general population (0.02% and 2% for HLHS and CVM, respectively) (32) . 
Results

Study population.
HLHS Is Heritable excluded for medical reasons, and 1 family repeatedly missed appointments. Among the 38 probands, 36 were Caucasian and 2 were African American; there were 28 male and 10 female subjects (2.8:1), consistent with studies that have shown differences in rates of CVM by race or gender (28, 29) . A total of 235 family members ranging in age from 3 days to 74 years (130 male and 105 female subjects with a gender ratio of 1.24:1 male:female) were evaluated, including 126 first-degree relatives. A total of 193 blood relatives of the probands were evaluated (Table 1) ; 4 participants were not genetically related to the probands.
Phenotype of probands.
Aortic and mitral valve anatomy varied among the 38 HLHS probands. Three combinations were observed: aortic atresia and mitral atresia (11), aortic atresia and mitral stenosis (11) , and aortic stenosis and mitral stenosis (16) . No cases of aortic stenosis and mitral atresia were observed. All aortic valves were both hypoplastic and dysplastic (Table 2) . Aortic atresia was present in 22 probands. Among 16 HLHS probands with aortic stenosis, assessment of aortic valve morphology identified BAV in 6 of 16 (38%) and unicuspid aortic valve in 10 of 16 (62%) ( Figs. 2A and 2B ). Of those with BAV, aortic valve morphology was anterior-posterior in 5 and right-left in 1, consistent with relative morphology frequencies in isolated BAV (33) . Of those with unicuspid aortic valves, aortic valve morphology was unicommissural in 4 and acommissural in 6. In addition, HLHS probands had dysplasia of the
Figure 1 Pedigrees Depicting the 38 HLHS Kindreds
Cardiovascular phenotype is represented by a box in the left upper quadrant for hypoplastic left heart syndrome (HLHS), in the right upper quadrant for an abnormal aortic valve (including bicuspid aortic valve), and in the right lower quadrant for other cardiovascular malformation (CVM). An empty symbol represents a normal cardiovascular phenotype, and a U denotes an individual not evaluated (unknown). Circles ϭ female patients; squares ϭ male patients. Probands indicated by arrows.
Relatives of 38 HLHS Probands Affected With CVM (2), and 1 each with BAV and aortic root dilation, aortic coarctation, atrioventricular septal defect, ventricular septal defect, and left superior vena cava. In addition, CVM was documented in 23 second-degree or higher order relatives, including aortic valve malformation together with BAV (14), aortic root dilation (3), aortic coarctation (3), atrial septal defect (3), ventricular septal defect (2), fatal unspecified cyanotic CVM as a newborn infant (2), and 1 each with HLHS, mitral valve abnormality, and truncus arteriosus. Among the 38 kindreds, first-degree (1) and second-degree (5) relatives required aortic valve replacement. Some individuals had multiple CVMs. Interestingly, screening echocardiography resulted in the identification of previously unknown cases of BAV (10) and aortic root dilation (2) . These findings underscore the importance of screening first-degree relatives of HLHS patients to identify those at risk for latent disease, infective endocarditis, and aortic dissection. Heritability. The sequential sampling strategy resulted in information from 652 relative pairs distributed nearly equally between first-degree and higher-order relatives ( Table 1 ). The prevalence was initially constrained to 0.02%; however, because the initial estimate was bound at 1.0, the prevalence was liberated to 0.08% to achieve an unbound estimate. The heritability of HLHS was estimated as 0.99 Ϯ 0.002 (95% CI 0.59 to 1.0, p Ͻ 0.00001). When the prevalence of HLHS and associated CVM was constrained to 2% and 5%, the heritability was estimated as 0.96 Ϯ 0.08 (95% CI 0.76 to 1.0, p Ͻ 0.00001) and 0.74 Ϯ 0.004 (95% CI 0.5 to 0.96, p Ͻ 0.00001), consistent with previous findings in an independent population (11) . Heritability estimates using male-female gender ratios of 1:1 (general population) or 2.8:1 (study population) were not significantly different (data not shown). Using a semiquantitative method, the heritability for HLHS and associated CVM was 0.32 Ϯ 0.10 (95% CI 0.13 to 0.53, p ϭ 0.0008) (2% prevalence) and 0.28 Ϯ 0.10 (95% CI 0.09 to 0.49, p Ͻ 0.0008) (5% prevalence) confirming significant heritability. The reduction in heritability estimates using the semiquantitative method questions the assumption that HLHS is inherited as a simple Mendelian autosomal recessive condition, and implicates HLHS as a complex trait. Recurrence risk. The frequency of first-degree relatives with HLHS or CVM was 3.5% and 18.3%, consistent with previous findings (8) . Siblings of HLHS probands were diagnosed with HLHS in 8% (4 of 51) of cases and any CVM in 22% (11 of 51) of cases. Based on population frequencies, recurrence risk ratios for both first-degree relatives and siblings were significantly increased. If 1 parent was affected with CVM, the frequency and recurrence risk ratios of siblings with either HLHS or CVM increased substantially (Table 3) .
Discussion
The present study provides the first estimate of the heritability of HLHS using variance decomposition methodology; the finding of high heritability suggests that HLHS is determined largely by genetic factors. The heritability of HLHS and associated CVM is similar to the heritability of left-sided lesions reported by McBride et al. (12); however, HLHS composed only 23% of their study population. Because HLHS is a rare disease and kindreds identified by a HLHS proband are enriched for CVM, we also estimated Hypoplastic Left Heart Syndrome and CVM R Hinton et al. October 16, :1590 HLHS Is Heritable heritability as a continuous trait. This analysis also showed that HLHS is heritable and implicates HLHS as a complex trait. Concepts of cardiac development have greatly influenced our understanding of the formation of the mesodermderived, 4-chambered vertebrate heart. Human genetic studies have identified mutations in genes important for early heart formation that cause congenital CVM, supporting the idea that these birth defects are caused by alterations during cardiogenesis (34 -38) . There has been considerable interest in human conditions such as HLHS, in which individual chambers or valves of the developing heart are selectively impaired (34) . A widely accepted hypothesis is that HLHS develops as a result of embryonic alterations in blood flow, such as premature narrowing of the foramen ovale (13) and aortic stenosis (39) . This hypothesis is supported by studies in the embryonic chick, in which ligation of the left atrium results in diminished flow through the left ventricle, resulting in left ventricular hypoplasia (40) . In addition, an alternative hypothesis for the etiology of HLHS is being viewed as the summation of separate genetic modules. Recent studies have investigated chamberspecific regulatory mechanisms (e.g., TBX5 and IRX1) leading to formation of morphologically, functionally, and molecularly distinct cardiac chambers (35, 37) . In this context, it has been suggested that left ventricular hypoplasia may result from a primary defect in myocardial growth during development. Unfortunately, there are presently no experimental models of HLHS to elucidate the relative contribution of these 2 hypotheses.
The definition of HLHS we used was not based on left ventricular hypoplasia alone (15) ; this is important because left ventricular hypoplasia is a feature of several different CVMs (e.g., unbalanced atrioventricular septal defect) believed to have diverse developmental origins. In the current study, we used echocardiography to characterize the phenotype of HLHS probands and family members. This detailed phenotyping identified the frequent occurrence of left-sided and right-sided valve dysplasia in HLHS probands and the increased prevalence of BAV in probands and family members. The latter observation and the identification of discordant phenotypes (HLHS and BAV) in one set of identical twins provides further support for the idea that HLHS is allelic to BAV. Based on these findings, it can be speculated that the left ventricular hypoplasia present in HLHS is secondary to a morphogenetic valve defect rather than a primary myocardial problem.
Previous studies have shown that the recurrence risk of HLHS is increased compared with other forms of CVM; however, these approximations may be underestimated because they are based on epidemiologic and fetal studies that did not perform echocardiographic screening for subclinical BAV or other CVM (26, 41, 42) . The recurrence risk ratios calculated in this study are significantly higher than previously reported, particularly in the context of an affected parent. There is a potential sampling bias for families with multiple affected children; however, in this study, ascertainment was not based on family history. These findings may represent more accurate estimations than previously reported in part because they include definitive phenotyping on all first-degree relatives. These new estimates support the idea that HLHS is primarily caused by genetic factors and should be considered when counseling families.
In summary, we have shown that HLHS has high heritability, suggesting that it is almost entirely caused by genetic effects. Therefore, using family-based linkage analysis, it should be possible to identify loci harboring HLHS-causing genes, especially in light of the proportion of multiplex kindreds. The findings of left-and right-sided valve dysplasia in HLHS probands and associated BAV in family members suggest that HLHS is a severe form of valve malformation. Therefore, we anticipate that HLHS-causing genes will be involved in valve development (e.g., transcription factors, signaling molecules, or extracellular matrix proteins) (36, 38) . Elucidation of the genetic basis of HLHS has significant potential clinical implications; for example, genotype stratification of HLHS probands may provide indications for fetal intervention or specific postoperative pharmacologic strategies, as well as long-term prognostic information such as the risk for right ventricular failure or neurocognitive deficit.
